Integrin receptors and function on cultured glomerular endothelial cells. Integrin expression and function on a cloned line of rat glomerular endothelial cells (GEndoC) were studied in an effort to obtain a better understanding of the means by which these cells interact with components of the glomerular basement membrane. Cultured GEndoC adhered to fibronectin, laminin and types I and IV collagen and expressed 02131, 03131, 05131, af31 and aj33 integrins. Synthetic RODS peptides significantly decreased adhesion to fibronectin (53.1 4.7% of control). Antibody to rat p integrin strongly inhibited adhesion to laminin, fibronectin and types I and IV collagen (11.2, 19 .0, 67.3 and 31.9% of control adhesion, respectively), while antibody to the rat a integrin chain strongly inhibited adhesion to laminin (65.2% of control), but only mildly inhibited adhesion to type IV collagen (77.2% of control) and did not affect adhesion to type I collagen (97.8% of control). Affinity chromatography of GEndoC lysates on a column of immobilized type I collagen displayed predominantly binding of 0313j integrin with trace amounts of aI3 and 02131, documenting the major role of a3131 in GEndoC adhesion to collagen. Chromatography on the immobilized cell-binding fragment of fibronectin revealed the crf3 integrin to be the major fibronectin receptor on these cells, but antibody to 0v133 integrin also documented a minor role for a,/3i or 0vI33 in fibronectin adhesion. Cultured GEndoC express a similar array of integrin receptors in vitro as they do in vivo. Further study of the function of these receptors in normal and diseased glomeruli may provide important insights into the pathogenesis of disease states characterized by endothelial detachment or subendothelial protein deposition.
Integrins are a family of heterodimeric, non-covalently linked proteins which function in cell-matrix and cell-cell interactions [1] [2] [3] . The J3 integrins, consisting of a common f3 chain linked to one of nine a chains (a1-a8 and a) thus far described, function mainly in cell-matrix adhesion and are expressed on a wide variety of cells. They mediate cell interactions with the extracellular matrix (ECM) both transmitting information from the cell exterior to the cell interior and altering cell interactions with the ECM in response to other stimuli acting upon the cell [3] .
In the kidney th integrin receptors have been detected on glomerular endothelial, mesangial and epithelial cells and on tubular cells, with a distribution suggesting that they mediate binding of glomerular epithelial and endothelial cells to the Received for publication December 14, 1992 and in revised form March 24, 1993 Accepted for publication March 25, 1993 © 1993 by the International Society of Nephrology glomerular basement membrane (GBM), and of tubular epithehal cells to the tubular basement membrane [4] [5] [6] [7] [8] . Differing distribution of specific a chains also suggests that different renal cells interact with the ECM using different matrix receptors [5, 6, 8] . Previous studies from our and other laboratories have characterized expression and function of integrin receptors on cultured glomerular mesangial and epithehial cells, and support this view [8, 9] .
In normal adult human kidney, a1/31, a2/31, a3/31 and a5f31 integrin receptors have been found to be expressed on glomerular endothehial cells by immunofluorescence staining with specific antibodies [5, 6, 8] . Staining of normal rat kidney with anti-rat 131 integrin antibody displays a similar pattern of integrin distribution in the glomerulus as seen in human kidney, namely distribution in the mesangium and along the inner and outer aspects of the GBM [9] . Cultured human glomerular mesangial cells display a1/31, a3/31 and a5/31 integrins [8] . We have found that cultured rat glomerular epithelial cells display a3131 integrins which serve as their major receptor for collagen, fibronectin and laminin [9] . Another laboratory has also detected a2/31 integrins on these cells [101. From studies using cell cultures and isolated integrins it is known that a1/31 and a2/31 integrins can mediate binding to laminin and collagen, a3f31 to collagen, fibronectin and laminin and a513j to fibronectin [1, 2] . Since these substrates are all components of the normal GBM, it is likely that adhesion of glomerular endothelial cells to the GBM occurs via one or more of these integrins. However, the observation that a particular integrin binds to a substrate in vitro cannot be used to infer its function on a different cell type. For example, cultured human mesangial cells appear to adhere to fibronectin via their a5 131 and not their a3f3j integrin receptor, although they express both and both are capable of adhering to fibronectin, whereas cultured rat glomerular epithelial cells adhere to fibronectin predominantly via the a3131 integrin receptor [8] .
In order to obtain a better understanding of a particular cells'
interactions with the ECM, it is useful to study the types of integrins expressed on that cell type and to directly determine their role in adhesion to different substrates. 
Glomerular endothelial cell (GendoC) culture
Glomerular endothelial cells were isolated and cloned using a modification of the method described by Elliott et a1 [14] . Glomeruli were isolated from male Sprague-Dawley rats (Charles River Laboratories, Wilmington, Massachusetts, USA) by sieving on sterile stainless steel sieves and plated on fibronectin coated tissue culture plates in a 1:l mixture of Hepatoma G2 (ATCC, Bethesda, Maryland, USA) conditioned MDCB 107 medium and K1 medium [14] . Outgrowths with the appearance of endothelial cells (small cobblestone pattern) were passaged using trypsin-EDTA and cloning cylinders. Clones were selected from dilute plated cultures by using cloning cylinders to isolate colonies arising out of single cells. Cells are grown and passaged on fibronectin coated plates in RPMI 1640 with 10% FCS and 10% NuSerum using trypsin-EDTA or resuspension by scraping and aspiration. The cells were identified as endothelial in origin by virtue of morphology, uptake of dil-acetyl-LDL (Biomedical Technologies Inc., Stoughton, Massachusetts, USA) and possession of angiotensin converting enzyme (ACE) activity. ACE activity was measured as the captopril inhibitable release of 3H-benzoyl-phenylalanine from 3H-benzoyl-phe-ala-pro (Ventrex Laboratories, Inc. Portland, Maine, USA) as described [15] . Glomerular endothelial cells had 11.7 ? 0.7 U/106 cells (N = 3), somewhat greater than activities reported for bovine pulmonary artery and glomerular endothelial cells [161. Cells were used at the 15th to 30th passages.
Studies of GEndoC adhesion to substrate
GEndoC were labeled with 3H-thymidine (0.5 pCi/ml) for 48 hours during log phase growth followed by a 24-hour washout period in media. Cell suspensions were prepared by incubating cells in 0.5 mM EDTA in PBS at 37"C, washing in PBS and resuspending in binding medium at 200,000 cellslml. Multi-well tissue culture plates (96 well) were coated with fibronectin, laminin and types I or IV collagen dissolved in DMEM (0.1 to 50 pg/ml) for at least one hour at 37°C as described previously [17] and then blocked with DMEM with 0.25% bovine serum albumin (BSA) for one to two hours. The wells were then washed with PBS containing 1 mM MgC1, and 1 mM CaCl,, followed by the addition of labeled cells in 100 pl of DMEM with 0.25% BSA and the indicated concentrations of competing adhesion peptides. When the effect of anti-integrin antibodies on cell adhesion was assessed, antibodies at the indicated concentrations were incubated with cells for 30 minutes at 20°C prior to adding them to substrate containing wells. Cells were allowed to adhere to the various substrates for one hour at 37°C followed by washing, addition of trypsin and harvesting onto glass fiber filters using a cell harvester (Cambridge Technology, Inc., Cambridge, Massachusetts, USA). Filters were counted in Optifluor in a liquid scintillation counter (Packard Instruments, Downers Grove, Illinois, USA). Aliquots of known numbers of cells were also harvested from plates in an identical manner and demonstrated a linear relationship between cell number and cpm of 3H.
Surface iodination and immunoprecipitation of GEndoC
Confluent cultures of GEndoC were surface iodinated with carrier free '251 sodium iodide (60 pCi/ml) in PBS containing 20 mM glucose, 20 pglml lactoperoxidase and 200 mU/ml glucose oxidase for 30 minutes at room temperature. Cells were then lysed in 20 mM Tris-HC1, pH 7.4 with 1% Triton X-100, 110 mM NaCl, 1 mM CaCl,, 1 mM MgCI,, 10 pg/ml leupeptin and 2 mM PMSF (lysis buffer) for one hour at 0 to 4°C. The lysate was pre-cleared by incubation with protein A or anti-mouse IgG coupled to Sepharose beads, followed by incubation with the rabbit antiserum or monoclonal antibodies listed above or control normal rabbit serum or mouse IgG. Immune complexes were harvested by incubation with protein A-Sepharose or anti-mouse IgG beads, washing with lysis buffer plus 0.5 M NaCl and 0.1% SDS and boiling in SDS-PAGE sample buffer with or without P-mercapto-ethanol as indicated. Samples were run on 7.5% SDS-PAGE gels followed by autoradiography on Kodak XAR-5 film.
Afinity chromatography of GEndoC on immobilized matrix
Type I collagen and the 120 kD chymotryptic cell adhesion fragment of fibronectin (Telios Pharmaceuticals) were coupled to CNBr-activated Sepharose (Pharmacia LKB Biotechnology Inc., Piscataway, New Jersey, USA) using the manufacturer's protocol. GEndoC were surface iodinated as described above and lysed in lysis buffer containing 1 mM MnC1, instead of CaC1, and MgCI,. Lysates were applied to affinity columns in the same buffer and the flow-through collected. CollagenSepharose was washed with lysis buffer containing 1 mM MnCI, and 0.1% Triton X-100 until counts in the eluate were back to baseline. Bound material was then eluted in lysis buffer lacking Mn butcontaining 10 mivi EDTA. The original cell lysate and the column eluate were analyzed by SDS-PAGE and autoradiography as described above. The eluate was also immunoprecipitated and analyzed as described above to identify specific integrins which had adhered to the column. For chromatography on fibronectin-Sepharose, lysates of surface iodinated cells were prepared, applied to the column and washed as described above. The column was eluted with GRGESP (1 mg!ml in lysis buffer), washed with lysis buffer and finally eluted with GRGDSP (1 mg/mi in lysis buffer). Eluates were analyzed directly on SDS-PAGE or following immunoprecipitation with specific antibodies.
Statistical analysis
All results are expressed as mean SE. Comparisons of the means of groups were made using Student's t-test or one-way analysis of variance with post-hoc testing using the TukeyKramer test as appropriate employing Systat statistical software (Systat Inc., Evanston, Illinois, USA). P values <0.05 were regarded as significant.
Results
GEndoC adhesion to substrates All of the substrates tested, including laminin, fibronectin and types I and IV collagen, produced a dose dependent increase in adhesion of GEndoC when compared to tissue culture plates incubated with bovine serum albumin (BSA) (Fig. 1) . At the highest concentrations of substrates used, similar amounts of protein were bound to the plates (unpublished observations) indicating that types I and IV collagen produce somewhat better adhesion than iaminin or fibronectin. The involvement of receptors recognizing RGD sites in these matrix proteins was assessed by performing adhesion assays in the presence of a competing peptide (GRGDSP) (Fig. 2) . When compared to adhesion in the presence of the control GRGESP peptide, GRGDSP significantly inhibited adhesion only to fibronectin, suggesting that GEndoC adhesion to fibronectin is at least partially mediated by recognition of the ROD sequence in that protein.
Characterization of GEndoC inte grins
Immunoprecipitation of lysates of surface-iodinated GEndoC with anti-1 integrin antibody and analysis by SDS-PAGE and autoradiography revealed several bands with approximate mobilities of 180, 140 and 115 kD (Fig. 3A, lane 1) representing the integrin band (115 kD) and co-precipitated a integrins.
Dissociation of the integrin complexes in the presence of 10 mM EDTA and 0.1% SDS prior to immunoprecipitation confirmed that the lower band was the I3 integrin (not shown). Immunoprecipitation with antisera specific for the rat a1 integrin chain (Fig. 3A, lane 2) demonstrated that the 180 kD band is a1 integrin while the intermediate band consists of a2, a3 and a5 integrin chains (Fig. 3A, lanes 3 to 5) . Immunoprecipitation with anti-a4 was negative (not shown). Immunoprecipitation with anti-a,f33 antibody revealed the presence of a chains and co-precipitated /3 and /33 chains, suggesting that both a,j31 and af33 receptors may be present on these cells (Fig. 3B) .
Role of spec j/ic inte grins in GEndoC adhesion to matrix
The role of GEndoC integrins in adhesion to particular substrates was further explored using specific antibodies to interfere with integrin binding and by chromatography of cell lysates on columns of immobilized matrix components. Of the antibodies available to us only the rabbit anti-/31 and anti-a/33 and the monoclonal anti-a1 are capable of interfering with the binding of those integrins to substrate.
Pre-incubation of GEndoC with rabbit anti-rat l3 integnn for 30 minutes at 20°C prior to addition of the cells to substrate coated wells resulted in inhibition of adhesion to all the substrates tested when compared to adhesion of cells pre-incubated with normal rabbit IgG (Fig. 4) . The higher concentration of antibody used significantly inhibited adhesion to all four substrates examined (P < 0.05). Adhesion of GEndoC to laminin and fibronectin was decreased to the same levels as adhesion to BSA-treated culture wells whereas adhesion to types I and IV collagen remained above control levels. Thus, integrins appear to be the major receptors for these components on
GEndoC.
Pre-incubation of GEndoC with a mouse monoclonal antibody (3A3) to the rat a1 integrin chain resulted in significant inhibition of adhesion to laminin and type IV collagen, but not to type I collagen or to fibronectin, when compared to cells pre-incubated with mouse IgG alone (Fig. 5) . However, the decrease in adhesion produced by exposure of cells to 50 p.g/ml of 3A3 antibody was modest with GEndoC adhesion being 77. Pre-incubation of GEndoC with rabbit anti-aj33 resulted in significant inhibition of adhesion to fibronectin but not laminin or types I or IV collagen (Figure 6 ), which was consistent with the known ability of this integrin to bind to fibronectin. The maximum decrease in adhesion was again moderate (63.1 2.8% of control adhesion) as compared to the almost complete inhibition of adhesion by anti-J31 antibody. Since the antibody recognizes both the a,, and /33 chains, it is not possible to determine whether the inhibition seen with it results from interference with the function of a/31 or a/33, both of which were seen by immunoprecipitation (Fig. 3B) . However, it does suggest that these receptors play only a modest role in GEndoC adhesion to fibronectin.
Binding of GEndoC integnns to collagen was further explored by chromatography of lysates of surface iodinated
GEndoC on a column of type I collagen coupled to Sepharose.
Analysis of radiolabeled material eluted from the collagen column with 10 mi EDTA by SDS-PAGE (non-reducing) followed by autoradiography demonstrated bands with mobiities of approximately 70, 115 and 135. The nature of the 70 kD band is unclear but a similar collagen binding band has been described by us on cultured glomerular epithelial cells and by others on different cell types [9, 18, 19] . Immunoprecipitation of the eluted material with antibodies to a3 and f3 integrins revealed the predominant presence of a3/31 integrin (Fig. 7) . Immunoprecipitation with anti-a1 and anti-a2 revealed faint bands after prolonged exposure of the gels (data not shown). Thus, the a3131 integrin of GEndoC appears to be the major GEndoC integrin receptor for collagen with lesser contributions by aj31 and a2131.
Following application of lysates of surface iodinated GEndoC to a column of the 120 kD cell binding fragment of fibronectin immobilized on Sepharose and washing of the column, the column was eluted sequentially with a GRGESP and a GRGDSP peptide. The GRGDSP peptide specifically eluted two bands of radioactivity with mobiities similar to a5131 integrin in non-reduced SDS-PAGE, whereas no bands were seen following GRGESP. Immunoprecipitation of the eluate with anti-a5 antibody yielded the same two bands (data not shown), confirming their identity as a5
Discussion
The studies presented here demonstrate that GEndoC adhere to several matrix components which are present in the GBM, including fibronectin, laminin and types I and IV collagen, using an array of integrin receptors. They also express a similar array of integrins in vitro as has been detected on glomerular endotheial cells of normal adult kidney [5, 6] . Inhibition of adhesion studies with several antibodies recognizing rat a and f3 integrin chains, competition studies with RGD peptides and affinity chromatography of GEndoC lysates on columns of immobilized matrix components further support the importance of the f3 integrins on these cells in mediating adhesion to components of the GBM in vitro, and presumably in vivo as well. The distribution of integrins on GEndoC in vivo, concentrated on the portion of the cell adjacent to the GBM, further lends credence to the notion that these receptors play an important role in GEndoC interactions with the GBM [7] . The expression by and use of integrins by GEndoC differs from the situation observed with cultured glomerular epithelial cells (GEC) which express predominantly an a3f31 integrin receptor which functions in adhesion of GEC to fibronectin, laminin and types I and IV collagen [9] . However, the pattern of expression of integrins by rat GEndoC is similar to that seen with other microvascular endothelial cells [20] .
The cell recognition sequence RGD is expressed by several proteins present in the extracellular matrix including fibronectin, vitronectin, osteopontin, some collagens and thrombospondin [2] . The ability of synthetic ROD peptides to block binding of GEndoC to fibronectin suggests that GEndoC matrix receptors are able to recognize and bind to this sequence in fibronectin. This is consistent with the known binding properties of a5131, af31 and aP3 integrins [1] as well as the more recently described ability of a3131 to mediate binding to fibronectin in an ROD dependent manner [21] . We have confirmed this using cultured rat GEC which do not express any integrin capable of binding to fibronectin aside from the a3131 receptor and whose adhesion to fibronectin is almost completely inhibited by synthetic RGD peptides [9] . Our results with affinity chromatography studies of GEndoC lysates on fibronectin-Sepharose suggest that a5131 integrin is the major fibronectin receptor on GEndoC. Until an antibody recognizing the extracellular portion of the rat a5 chain is available we cannot verify further the role of this integrin in fibronectin adhesion on GEndoC. Inhibition studies with an anti-human aj33 receptor antibody, which cross-reacts with rat, do demonstrate some role for a-mediated fibronectin adhesion in these cells, although since the cells express both aI31 and a)33 receptors we cannot differentiate the effects of this antiserum on the two receptors. However, as an anti-p1 antibody almost completely inhibits GEndoC adhesion to fibronectin, any contribution of af33 must be small. Our inability to detect a,, chains during affinity chromatography on fibronectin-Sepharose may simply reflect the insensitivity of this technique.
Adhesion of GEndoC to collagen appears also to be mediated predominantly via f3 integrins as evidenced by the significant inhibition of adhesion to collagen induced by anti-p1 antibody. This is further supported by the presence predominantly of a3 f3 integrin in the eluate from affinity chromatography of GEndoC lysates on a collagen-Sepharose column. This eluate also contained a 70 kD protein, similar in weight to a collagen binding protein which we have detected on GEC and which has also been reported by others but whose nature has not been further characterized [18, 19] . Following prolonged exposure of autoradiographs, small amounts of a1131 and cr2131 integrins could be detected in the proteins adhering to the collagen-Sepharose column, suggesting that these integrins may participate in a minor way in collagen adhesion by GEndoC. The small contribution of a1/31 integrin to collagen adhesion by these cells is further substantiated by the results of adhesion inhibition studies using anti-rat a1 antibody which show mild inhibition of adhesion to type IV collagen by anti-a1 antibody. The inability of this antibody to inhibit adhesion of GEndoC to type I collagen, although the a1/31 integrin appears to be capable of binding to both types I and IV collagen [12] , suggests that the a3/3 integrin and other collagen receptors play a much stronger role in adhesion of GEndoC to type I collagen.
While it is clear from our experiments with anti-rat a1 that the a1/31 receptor on GEndoC participates in adhesion to laminin, the extent to which GEndoC use a2f31 and a3f31 for laminin binding cannot be determined without specific antibodies recognizing the rat a2 and a3 chains. Human umbilical vein endothelial cells use a2 j3 as a laminin receptor [22] and a3f31 can bind to laminin, including the a3f31 present on rat GEC [9] .
In addition to mediating cell adhesion to components of the extracellular matrix, a potential role of /3 integrins in cell-cell interactions has been proposed [21, 23] . cr3/31 integrin distribution in keratinocytes is predominantly at areas of cell-cell contact [23] [24] [25] and a similar distribution is apparent in rat glomerular epithelial cells in vitro [9] . A similar role for a2J31 and a5/31 integrins has been proposed in maintenance of endothelial monolayer continuity in cultured human umbilical vein endothelial cells and antibodies to a5f31 integrin can increase the permeability of such monolayers to horseradish peroxidase [26] . Immunofluorescence staining of GEndoC with an anti-f31 antibody also demonstrates a strong distribution of j3 integrins at cell-cell contacts (unpublished observation). Thus, it is possible that immune deposits and other forms of glomerular injury which result in separation of GEndoC from the GBM may do so by interfering with integrin function on GEndoC, and that those types of injury may also be associated with altered endothelial permeability. Since subendothelial deposition of proteins is a feature of several types of glomerular injury associated with endothelial detachment from the GBM (such as thrombotic thrombocytopenic purpura, malignant hypertension, toxemia of pregnancy) a better understanding of these mechanisms may provide important insights into the pathogenesis of these disorders.
